important part of thyroid surgery in 1938 and was shown to reduce the incidence of postoperative nerve palsy [3] [4] [5] . Plenty of studies correlated with this proposal, and routine nerve identification has been suggested as the gold standard for safe thyroid surgery [3] [4] [5] . However, even very experienced surgeons might injure the RLN. Permanent and temporary RLN paralysis incidences following thyroid surgery are high (i.e., 2.3% and 9.8%, respectively) [6] . In spite of the low rate of permanent damage, it is still an important concern for both patients and surgeons due to malpractice litigation [7] .
Nerve visualization is typically employed to protect the RLN [8] . However, the visualized RLN may not be a functional nerve. A structurally intact RLN may not always indicate a functional nerve, which may mislead the surgeon. Postoperative identification of the RLN has been shown to reduce the risk of temporary and permanent nerve palsy. Various neural tracing methods such as direct visualization of the vocal cords (VCs) and nerve monitoring during thyroid surgery have been described [9] . Intraoperative neuromonitoring (IONM) is increasingly used by surgeons conducting thyroid surgeries worldwide. Recent research shows that 53% of general surgeons in the United States and 65% of otolaryngologists currently use IONM [8] . IONM has been suggested as an assistant tool to detect the RLN and the external branch of superior laryngeal nerve in thyroid surgery as it provides a decreased injury risk [5, 6, 10] . However, its benefit in reducing RLN damage and its value for predicting postoperative RLN function remains controversial [3, 5] . A high negative predictive value and low and highly variable positive predictive values for IONM have been reported in recent studies-92%-100% and 10%-90%, respectively [10] .
Neuromuscular blocking agents (NMBAs) are used during tracheal intubation to ease the process. Of them, rocuronium and vecuronium are preferred over succinylcholine, which is a depolarizing agent with many side effects [11] . In addition to making endotracheal intubation easier and reducing dependent laryngeal morbidity, NMBAs may also decrease electromyography (EMG) signals, interfering with IONM. Because of this, the use of NMBAs for easier intubation in thyroid surgery has been contested [3, [12] [13] [14] . The peripheral nerve stimulator (PNS) is used for the reversal of NMB, and a tactile or a visual solution to the PNS is observed. By using the PNS monitor to assess the time for a pharmacological recovery, the incidence and severity of permanent RLN paralysis can be decreased. Studies reported that the train-of-four (TOF) ratio should be at least 0.90 so that a complete reversal of the NMB effect on the respiratory muscles can occur, and a normal hypoxic respiratory answer can be maintained [15, 16] .
Sugammadex is a selective relaxation agent that binds with NMBA (rocuronium and vecuronium); thus, it inhibits the binding of NMBAs to receptors at the neuromuscular junction [17] . Its efficacy on reversing rocuronium block was evaluated by a recovery of the TOF response, and it was shown that sugammadex effectively reversed intense NMB within 2 to 3 minutes of its administration [15, 16, 18] .
The aim of this clinical study was to evaluate the efficacy and safety of sugammadexin used to block the effect of NMBA during thyroid nerve monitoring surgery.
METHODS

Study design
This study was approved by the Institutional Review Board of the Bakırköy Dr. Sadi Konuk Training and Research Hospital (approval number: 2018-261), and written informed consent was obtained from all subjects participating in the trial. The trial was registered prior to patient enrollment at clinicaltrials.gov (NCT03634956, Principal investigator: Turgut Donmez, Date of registration: 08/13/2018). One hundred twenty-nine patients were found suitable for the clinical trial ( Fig. 1) . A detailed explanation of the procedure and risks involved were given. This prospective, randomized clinical trial was conducted at a training and research hospital in a period of 7 months from 15 August 2018 to 31 January 2019.
Patient selection
Consecutive, newly diagnosed cases of thyroid surgery that were reported to the surgery department and met the following inclusion criteria were included in the study: American Society of Anesthesiologist (ASA) physical status classification I, II, or III; aged between 18 and 80 years old; multinodular goiter; substernal goiter; differentiated thyroid carcinoma (DTC); toxic goiter; and recurrent multinodular goiter.
Exclusion criteria included patients with RLN paralysis, pregnancy, <18 years of age or >80 years of age, ASA physical status classification IV.
Methodology
All of the patients met with the anesthesiologist and the endocrine surgeon and received special information about possible surgical and anesthetic risks before their surgery. Information regarding if and when intravenous medications would be administered were also provided.
The VC examination was performed by an otolaryngolist on preoperative day 1 as well as postoperative day 1 using a flexible laryngoscope. Patients who were diagnosed with RLN paralysis in the postoperative period underwent an additional VC examination at 1, 2, 4, and 6 months. RLN paralysis that continued more than 6 months was accepted as permanent paralysis.
Randomization was performed by computer with a randomization table, which was formed after the patients were included in the computer database. The person responsible for randomization was not involved in the surgery or anesthesia team. The surgical team comprised the same members treating the patients in the 2 study groups, and patient data were collected by an independent observer.
Anesthetic management
Pre-anesthetic medication was standardized for all patients. Patients were given premedication with intravenous midazolam, up to 2 mg if needed, upon arriving to the operating room. The patient was monitored for arterial blood pressure, oxygen saturation and electrocardiography. After oxygen was given for 3 minutes with an oxygen mask, general anesthesia was given-that is, a remifentanil (1 ng/mL), propofol (2-3 mg/kg) and fentanyl (0.5-1 μg/kg) infusion. Intravenous bolus dose was given consisting of 0.6 mg/kg rocuronium bromide to allow deep muscle relaxation in all patients. Subsequently, anesthesia was maintained with the infusion of sevoflurane (with a minimum alveolar concentration [MAC] of 0.8), remifentanil (0.05-0.2 μg/kg/dk) and an air-O 2 combination of 4 lt/min. No additional dose of NMBA was injected into any patient in the 2 groups. The patients were ventilated for 2 minutes using a face mask after loss of consciousness. After injection of sugammadex in group B, maintenance of anesthesia was achieved with sevoflurane (MAC between 0.9 and 1.1) and remifentanyl (0.1-0.4 μg/kg/dk) according to each patient's heart rate and blood pressure. The 7.5-to 8.0-mm diameter endotracheal tube integrated with the surface electrodes was placed by the anesthetist between the VC during intubation, and the NIM nerve monitoring system (Medtronic, Jacksonville, FL, USA) was activated. IONM equipment installation, anesthesia induction, intubation tube verification tests, and EMG measurements were all performed according to the standards described by the International Neuromonitorization Working Group (INMSG) Guidelines [19] . IONM equipment with audio and graphics monitoring documentation were used. The technique standardized by the INMSG Group was used [19] . The IONM technique included: (1) vagal nerve (VN) stimulation before lobectomy (V1); (2) RLN stimulation prior to lobectomy (R1); (3) RLN stimulation after lobectomy (R2); and (4) VN stimulation after lobectomy (V2). The intermittent stimulation technique for IONM was performed using a monopolar electrode with a pulse duration of 1 mA to 2 mA, a pulse duration of 100 msec and a nerve impulse at a frequency of 4 Hz. If branched RLN nerves were detected, each branch was stimulated separately. Loss of signal (LOS) was defined as an EMG signal below 100 μV following stimulation of the VN, and there was no laryngeal motion and no visible laryngeal twitching following stimulation of the ipsilateral VN [16] . To differentiate between true and false LOS, the INMSG-proposed problem-solving algorithm was employed intraoperatively [16] . A neuromapping technique was used to determine nerve damage and localization of the injury site in patients who exhibited intraoperative LOS.
Following intubation, the PNS monitor was placed on the left hand. For PNS, the TOF-Watch SX (Schering-Plow, Dublin, Ireland) was used. The electrodes of the TOF guard were placed close to the wrist and the ulnar nerve, and the acceleromyographic was placed on the thumb of the left hand. Electrical stimulation was performed from the TOF device; the ulnar nerve was stimulated, and the response of the adductor pollicis muscle was recorded. This ulnar stimulation was performed at a frequency of 50 Hz for 5 seconds. The stimulation used during the operation consisted of 0.2-msec square-wave pulses, given as 2-Hz TOF pulses at 15-sec intervals. When the ratio of TOF was >0.9, a positive value was accepted, and TOF stimulation was terminated.
Surgical technique
All patients underwent thyroidectomy with the same surgical technique. A 4-to 5-cm Kocher incision was made, and the platysma with subplatysmal flaps was raised using electrocautery. The strap muscles were retracted for lateral exposure of the middle thyroid vein, if present, to be divided. The pyramidal lobe and the isthmus were dissected using electrocautery. During total thyroidectomy, the VN was routinely exposed on the right side first. The dissection was performed between the carotid artery and jugular vein to expose and identify the VN. IONM (V0). Values of the TOF device measurements were used to measure a signal from the VN. Surgical resection was initiated when the first signal from the right V1 (>100 μV) was detected. After RLN was detected in the tracheoesopharyngeal groove, it was completely dissected from the bery ligament. The first signal (R1) was measured when RLN was first detected, and the last signal (R2) was measured after completion of the lobectomy. The RLN was always tested with a stimulation level of 1-2 mA. When 2 structures ran close together (e.g., anterior and posterior branches of the RLN, or a small artery and RLN), then the stimulation level was decreased to 0.5 mA because a false EMG signal might be induced by a shunt stimulus. The stimulation frequency for IONM was set to 1 Hz, thus continuously evaluating the RLN and VN. When the initial baseline responses were higher than 100 μV, surgical resection was started, and a lobectomy was performed, monitoring the RLN by using IONM and protecting the parathyroids. R2 and V2 values were recorded following surgical excision. The same procedure was conducted on the other side, and the operation was completed. The left V2 was recorded as the final signal.
After the V1 value was taken in group A, the surgical resection process was started. A TOF response at 30, 40, 50, 60, 70, 80, and 90 minutes and after V2 values were measured and recorded.
After V0 for group B, intravenous sugammadex sodium (2 mg/kg) was administered, and IONM and TOF values were measured and recorded at 2 and 4 minutes. The V1 signal was accepted as positive when a wave with an amplitude higher than 100 μV was obtained. If there was no response to the first standardized IONM stimulation or if the signal was less than 100 μV, the TOF value >0.9 was considered to be the technical failure of IONM. When the V1 signal was considered positive (spontaneously or after sugammadex), the dissection was started. Then, RLN was first found at the tracheoesophageal groove and then dissected completely from Berry's ligament. The first signal (R1 > 100 μV) was obtained after the detection of RLN from RLN. When the initial baseline responses were higher than 100 μV, surgical resection was started, and a lobectomy was performed, monitoring the RLN by using IONM and protecting the parathyroids. R2 and V2 values were recorded following surgical excision. The same procedure was conducted on the other side, and the operation was completed. The left V2 was recorded as the final signal.
Statistics
Statistical software (JMP version 10.0.0, SAS, Cary, NC, USA) was used. Continuous variables are given as mean ± standard deviation values or median and interquartile ranges. Categorical variables are given as frequencies and percentages. A comparison of parametric continuous variables was conducted using the Student t-test. The Mann-Whitney U-test was used for comparison of nonparametric variables. In both groups, predissection and postdissection evoked potential amplitudes on EMG values, which were evaluated using the Wilcoxon test. The chi-square test was used when comparing the categorical variables. P-values of 0.05 or below were accepted as statistically significant.
RESULTS
Among the 203 patients included in the study, total thyroidectomy was planned in 33 patients with hemitroidectomy, 166 patients with total thyroidectomy and 4 patients with lateral neck dissection. Twenty-five patients were excluded from the study because there was no possibility to use sugammadex and IONM during the operation, and 10 patients refused to participate. Eight of the patients left after 4 months of follow-up. The patient flowchart of this study is shown in Fig. 1 .
Unilateral VC paralysis was confirmed in laryngoscopy performed by the postoperative day 1 by an independent otolaryngolist in 7 intraoperative cases. When the intraoperative RLN nerve map was removed in these cases, segmental type damage (type I) was detected in 4 cases and global type (type II) in 3 cases. None of the patients had any interruption in RLN structural continuity. Early RLN damage was temporary in all 7 cases (100%).
After the VN dissection during the operation, there was no EMG signal from 2 patients in group A and 3 in group B. These patients were treated with the TOF device, which was not affected by a muscle relaxant. These 5 patients were excluded from the study. There were no complications associated with the surgical procedures after complete reversal of the neuromuscular blockade.
There were no significant differences in terms of age, gender, body mass index (BMI), ASA physical status classification or comorbidities in both groups ( Table 1 ). The mean age of the patients in group A was 48.73 ± 11.17 years and 48.98 ± 11.62 years in group B (P = 0.901). The mean BMI of the patients in group A was 28.68 ± 3.52 years and 28.79 ± 4.78 years in group B (P = 0.887) ( Table 1) .
Preoperative diagnosis showed both benign and malignant disease, Graves' disease, recurrent goiter, multinodular goiter, DTC, DTC with neck dissection and toxic goiter. There was no significance in terms of the distribution of benign vs. malignant disease in both groups (P = 0.427) ( Table 1) .
Surgical time was significantly shorter in group B (90.78 ± 13.19 minutes) than in group A (111.04 ± 25.52 minutes) (P < 0.0001). There was no significant difference in V0 time for the 2 groups (P = 0.338). V1 time was significantly shorter in group B (26.07 ± 3.26 minutes) than in group A (50.0 ± 8.46 minutes) (P < 0.0001) ( Table 2 ). Sufficient EMG response was achieved in V1 (>100) stimulation with toxic goiter (20 patients in group B and 20 patients in group A). However, TOF > 0.9 was not sufficient in these patients. TOF > 0.9 time was significantly shorter in group B (27.46 ± 3.49 minutes) than in group A (92.18 ± 14.33 minutes) (P < 0.0001) ( Table 2 ). The first V1 (Right V1) EMG value was significantly higher in group B than in group A (P < 0.0001), and the final V2 EMG value after total thyroidectomy was significantly higher in group B than in group A (P < 0.045) ( Table 2) .
The EMG values before and after thyroid lobe resection in group A are summarized in Table 3 . Right V1 to right V2, left V1 to V2, right R1 to R2 and left R1 to R2 EMG values were significantly different (P < 0.001, P < 0.001, P < 0.001, P = 0.002, respectively) ( Table 3 ). Likewise, the EMG values before and after thyroid lobe resection in group B are summarized in Table 3 . Right V1 to right V2, left V1 to V2, right R1 to R2, and left R1 to R2 electromyography, values were not significantly different (P = 0.389, P = 0.235, P = 0.092, P = 0.314, respectively) ( Table 3 ).
DISCUSSION
The standardization of technological innovations is important for safe and easy implementation of education and training [20, 21] . Such a standardized application in correlation with guidelines provides an increased RLN identification rate, reduction of the severity in an RLN injury (if it should occur), detection of RLN branching or non-RLN and the intraoperative identification of nerve injury or stress [10, 22] . In the thyroidectomy performed with IONM, V1 signaling was standardized [10, 22] . V1 signaling prevents nerve detection, visual misidentification and provides confirmation and dissection for resection. IONM can be conducted even if the RLN is not identified by using V1 for dissection and RLN identification [23] [24] [25] . It was reported that standardized IONM or continue IONM could increase the nerve recognition rate [23, 24] . In order to prevent RLN paralysis, it was emphasized that the use of IONM may be the gold standard of visual identification in thyroid surgery [4, 22] . In our study, we used IONM and PNS to show that an NMB effect is returned. The IONMG suggests that stimulation of the vagus nerve and V1 signal measurement are routine procedures in thyroid surgery [1, 19] .
Pavoni et al. [16] used a high dose of sugammadex sodium (16 mg/kg) to reverse the effect of high dosage of rocuronium (1.2 mg/kg) administered in thyroidectomy procedures in their clinical study. In this study, sufficient IONM values were reached after 70 seconds of sugammadex and a sufficient TOF > 0.9 after 120 seconds.
The sugammadex sodium dose of 16 mg/kg is recommended for emergency situations, and a dosage of 2 mg/kg can reverse the effect of rocuronium. We used 2 mg/kg of the sugammadex sodium and obtained a complete reversal in all the patients within 3 to 4 minutes following administration of the drug.
Yamamoto et al. [26] used 2 and 4-mg /kg doses of sugammadex sodium, respectively, in their 2 groups to reverse the effect of 1 mg/kg of rocuronium. Following these doses, they recorded the TOF responses; however, sufficient TOF responses were not achieved in the group that received 2 mg/kg of sugammadex sodium; thus, a dose of 4 mg/kg was necessary. Lu et al. [14] compared the recovery of the NMB effect with 0.6-mg/kg rocuronium by using 2 and 4 mg/kg of sugammadex sodium in pigs in 2 separate groups, respectively. They reported that 2 mg/kg of sugammadex sodium was sufficient to reverse the NMB in a rapid and safe manner. In their study, only sugammadex dosage amounts were compared. In addition, no sugammadex control group was used, and information regarding RLN paralysis is available. According to the retrospective study of Empis de Vendin et al. [27] , the use of sugammadex in a good neuromuscular blocker agent was unnecessary and increased cost. However, no TOF values were validated in this study. In these 2 studies, sugammadex was used at a dosage of 2 mg/kg, as in our study, and the improvement of the NMB effect was demonstrated by nerve monitoring and the use of a PNS. In a clinical study involving 120 patients by Empis de Vendin et al., sugammadex injections were performed in 15 patients whose V1 value could not be obtained, and no control group was formed, as in the study of Lu et al. In their study, the number of patients in their 2 groups was disproportionate and therefore may not provide accurate results. In their study, the mean duration of V1 (100 mV) uptake was 42 minutes in the nonsugammadex group and 40 minutes in the sugammadex group. However, in our study, V0 was 23.8 minutes and V1 was 26 minutes in the sugammadex group, while V0 was 24 minutes and V1 was 50 minutes in the control group, and the difference between the groups was significant. As the elimination of NMB drugs differs from person to person, a positive response would be obtained during surgery, but in the study of Empis de Vendin et al. There is no a strict sugammadex administration protocol. In our methods section, the sugammadex administration has been standardized. Furthermore, objectivity is obtained because of the prospective and randomized study design. We also included a control group in the study, and all results were compared between study and control groups, which contrasts previous studies with human subjects.
Since the total operation times were not compared in these 22 studies, the benefit of sugammadex could not be fully established. The major limitation of these 2 studies is the retrospective design. To the best of our knowledge, our study is the first randomized prospective clinical trial on human subjects on this topic.
In our clinical study, the VN was detected, the first EMG signal (V0) was taken and 2-mg/kg sugammadex was applied. After giving 0.6 mg/kg of rocuronium for general anesthesia induction, 23.64 ± 3.71 minutes had elapsed. Amplitudes during IONM usually showed variability from patient to patient [22] . Factors other than the NMB that may have affected the evoked EMG amplitude were endotracheal tube position, manipulation of the gland or trachea during measurement, moisture or irrigation of the surgical field, sheated nerve within the fascia that spoils probe to nerve contact and temperature [23, 28] . In this study, the reasons for the high standard deviation of V1 and V2 signals can be explained by these factors. The comparability of the V1 and V2 signals indicates that sugammadex permits the rapid restoration of neuromuscular function suppressed by rocuronium at the beginning of the operation. The use of sugammadex can shorten the time of recovery from NMB. In this study, sugammadex was found to be effective in dose-dependent NMB, and 2.0 to 4.0 mg/kg was effective in facilitating extubation [29] . In group B, there was no significant difference between V1 and V2 (P = 0.389), and the V1 time was significantly shorter in group B (26.07 ± 3.26 minutes) than in group A (50.0 ± 8.46 minutes) (P < 0.001). In Group A, there was a significant difference between V1 and V2 (P < 0.001), and the first V1 (Right V1) EMG value was significantly higher in group B than in Group A (P < 0.001) (Fig. 2) . In our clinical study, when the V1 value was obtained in group B, there was a sufficient TOF > 0.9 (Fig. 3) . When the V1 value was obtained in group A, there was not a sufficient TOF > 0.9. TOF > 0.9 time was significantly shorter in group B (27.46 ± 3.49 minutes) than in group A (92.18 ± 14.33) (P < 0.001). Also, in group A, there was a significant difference between the V1 time (50.0 ± 8.46 minutes) and the TOF > 0.9 time (92.18 ± 14.33) ( Fig. 4 ). However, there was no significant difference between the V1 time and the TOF > 0.9 time (27.46 ± 3.49 minutes) in group B (Table 2) . Therefore, there was a significant difference between V1 and TOF > 0.9 in both groups.
Many studies have compared RLN paralysis incidences with IONM and direct nerve visualization. Pisanu et al. [30] reported a meta-analysis comparing 20 studies in terms of IONM use and direct visualization. A total of 16,517 patients were included in this meta-analysis, and the incidence of RLN paralysis was 3.47% in their IONM group and 3.67% in their direct vision group with no significant difference. Contention remains regarding whether it is excessive trust in the tool or false signals from vascular structures and bleeding that cause the inability to reduce RLN paralysis incidence with IONM use [3, 10] . Although the values for vagus over 100 μV were accepted as positive in some patients, we found that the TOF response for the V1 values were higher than this point but lower than 0.9.
In a large-scale meta-analysis study of Pisanu et al. [30] , 20 studies were performed, and 7 studies provided data about the duration times of the surgeries. In the IONM group, shorter surgery times were determined in 2 studies, while the surgery 20 30 50 70 90 Minutes No. of patients time was shorter in 5 studies involving the direct visualization method. In 2 studies, the principle of reversing rocuroniuminduced NMB with sugammadex was conducted, but no information was given about the surgery duration [14, 27] . In our study, the duration times for surgeries were significantly shorter in group B than in group A (P < 0.001).
In conclusion, neuromonitoring may be a useful aid to ensure the functional and structural integrity of the nerve in cases of anatomic dissection difficulty, especially with large tissue masses, abnormal nerve course and previous surgery. In addition, IONM is a secure and efficient method for the diagnosis of an RLN in thyroid surgery. IONM can offer safe operation with high accuracy, specificity and sensitivity.
Sugammadex provides efficient and rapid recovery of nondepolarizing neuromuscular block generated by rocuronium used to facilitate intubation. The use of sugammadex enables shorter operative times due to the rapid recovery of the neuromuscular blockade. Furthermore, this reversal of neuromuscular block allows intraoperative neuromonitorization to be used effectively and safely during thyroid surgery.
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